More is known about the baroreflex of the carotid sinus than about the baroreflexes originating from the heart and the great vessels because of the easy surgical preparation of the carotid sinus area. The "isolated innervated sinus preparation" introduced by Moissejeff in 1926 and its various modifications have provided a convenient method for studying the carotid sinus reflex (1). The present paper briefly reviews some recent developments in the study of the baroreflexes originating from the aortic arch, the chambers of the heart, and the coronary vessels and discusses whether these reflexes are tonically active in normal situations.
• More is known about the baroreflex of the carotid sinus than about the baroreflexes originating from the heart and the great vessels because of the easy surgical preparation of the carotid sinus area. The "isolated innervated sinus preparation" introduced by Moissejeff in 1926 and its various modifications have provided a convenient method for studying the carotid sinus reflex (1) . The present paper briefly reviews some recent developments in the study of the baroreflexes originating from the aortic arch, the chambers of the heart, and the coronary vessels and discusses whether these reflexes are tonically active in normal situations.
AORTIC BARORECEPTORS
Although the aortic arch has long been implicated in the reflex control of the circulation (1), it is often assumed that the baroreflexes from both carotid and aortic areas are equivalent in the reflex regulation of arterial blood pressure. However, recent studies in dogs have shown that the aortic baroreflex, unlike the carotid baroreflex, is relatively ineffective in buffering a decrease in systemic arterial blood pressure below normal; therefore, the aortic baroreflex acts predominantly as an antihypertensive mechanism.
In one study (2) , a comparison of the reflex vascular responses with the changes in nonpulsatile pressure in vascularly isolated, blood-perfused aortic arch and carotid sinus preparations in the same dogs was made; the average threshold pressure for the aortic arch baroreceptor reflex was about 110 mm Hg compared with about 50 mm Hg for the carotid sinus. Similar or higher values for the threshold for reflex vascular responses from the aortic baroreceptors have been reported by others From the Department of Physiology and Biophysics, Mayo Clinic and Mayo Foundation, Rochester, Minnesota 55901. using similar techniques (3) (4) (5) . In another study (6) , the afferent electrical activity from multifiber preparations of the aortic nerves and the sinus nerves was compared during changes in pulsatile arterial blood pressure in the closed-chest dog. The threshold systolic pressure that caused a significant change in mean impulse frequency averaged 95 mm Hg for the aortic receptors and 62 mm Hg for the carotid sinus receptors. Both studies showed that the maximal sensitivity of the aortic arch system was set over a range of higher blood pressure than that of the carotid sinus system. This difference in threshold pressure does not apply for all species however. In the rabbit aortic nerve activity increases almost linearly between pressures of about 40 to 110 mm Hg, with an average threshold pressure of approximately 50 mm Hg (7, 8) .
Further analysis has been performed by using acute decreases in blood pressure in the vagotomized dog. With only the carotid reflex operative, hemorrhage (8% of the blood volume) caused a decrease of 14% in systemic arterial blood pressure; however, when only the aortic reflex was operative, the pressure decreased by 38% (9) . No explanation can be given for the different reflex characteristics of the baroreceptors in these two areas of the dog. Possibilities include differences in distensibility, wall structure, and ratio of myelinated to unmyelinated fibers from the two areas. The receptors served by these fibers may have different characteristics and different central connections (10) . Hainsworth and Karim (11) have suggested that, in contrast to the different thresholds for the vasomotor responses, the aortic baroreflex is probably important in the control of the inotropic state of the heart because inotropic responses occur when aortic blood pressure is changed within the physiological range. The two groups of receptors have been shown to respond differently to pulsatile pressure.
In contrast to the responses elicited from the carotid sinuses, Angell-James and Daly (10) found that at normal levels of mean pressure there were no appreciable differences between the size of the vascular responses produced by a given increase in aortic arch pressure during pulsatile and nonpulsatile pressure perfusion. When baroreceptor afferent activity was recorded during continuous changes in arterial blood pressure, the hysteresis between the upward and downward curves was wider for the carotid sinus receptors than it was for the aortic arch receptors, suggesting that the carotid sinus receptors were more sensitive to the rate of change in pressure than were the aortic arch receptors (6) . These observations support earlier findings that increasing the rate of change of pressure to which the aortic baroreceptors were subject had little or no effect on their threshold pressure in contrast to the carotid sinus baroreceptors whose threshold pressures were considerably depressed by increasing the rate of change of pressure (12, 13) .
CARDIAC RECEPTORS
The receptors of the heart have been characterized by histological and electrophysiological techniques, and two groups of afferent vagal endings have been described. One group found in restricted regions of the atria, ventricles, and pulmonary artery consists of complex unencapsulated terminals of myelinated fibers with a conduction velocity ranging from 8 to 29 m/sec (14) . These receptors have a pulsatile discharge which can be related to changes in pressure or volume in the heart and pulmonary vessels.
The second group is more widespread. Histological studies have defined a system of fine nerve endings named "end-nets" (15, 16) . Electrophysiological studies have identified nerve endings distributed widely in the thoracic aorta, pulmonary artery, atriovenous junctions, and atrial appendages; these endings have a sparse, irregular discharge and a conduction velocity less than 5 m/sec, indicating that they are unmyelinated or fine myelinated vagal fibers. They can be stimulated by excessive distention and by chemical substances, such as phenyl diguanide, which do not excite the myelinated vagal afferents (17) .
In addition to tonic information concerning normal and abnormal cardiac events being carried from the heart to nervous centers by vagal afferents, sympathetic afferents are also involved (18). Malliani et al. (19) recently extended this-concept by showing that in cats spontaneous activity in afferent cardiac fibers in the sympathetic nerves can originate from all chambers of the heart.
The complex nonencapsulated atrial receptors are most numerous in the walls of the superior and inferior venae cavae at their junctions with the right atrium and at the junctions of the pulmonary veins with the left atrium (20-22). Two main types of afferent activity have been described from atrial receptors. In type-A receptors, activity may be generated by atrial contraction; in type-B receptors, activity is generated by changes in atrial volume. There are species differences in the relative numbers of these receptor types: in the cat the number of each type of receptor is approximately equal, but in the dog there are relatively few type-A receptors (14) .
FUNCTION OF THE RECEPTORS
In 1915, Bainbridge (23) described, in dogs, a reflex from the right side of the heart, which accelerated heart rate when the venous pressure was increased with blood or saline. Nonidez (20) concluded that the receptors at the venous junctions with the atria were responsible for this reflex. Coleridge and Linden (24) found that the acceleration in heart rate produced by such intravenous infusions was largely dependent on the initial heart rate: cardiac acceleration occurred when the initial heart rate was slow and cardiac slowing occurred when the initial rate was fast. Since intravenous infusions modify the activity of many types of receptors, such studies give no information on the role of any specific group.
To localize the stimulus, balloons have been used to stretch the pulmonary vein-left atrial junctions (25) or the junction between the superior vena cava and the right atrium in the dog (26). This procedure causes a reflex increase in heart rate attributed to stimulation of the complex unencapsulated endings. The efferent pathway is in the sympathetic nerves and the afferent pathway is in the vagal nerves. Whether afferent cardiac sympathetic fibers are also involved is still debated (27). The increase in rate cannot be correlated with changes in systemic arterial blood pressure, indicating that the high-pressure mechanoreceptors are not responsible. Interestingly, the increase in sympathetic activity is not accompanied by a positive inotropic response but involves only those fibers in the ansae subclaviae which innervate the sinoatrial node (28). Similar results have been obtained by stretching the left atrium (29) and the atrial appendages. These procedures-distention of the whole left atrium, the pulmonary vein-left atrial junctions, or the atrial appendages-also cause a reflex increase in urine flow (30). Although the endnet is present throughout the atrial endocardium, earlier studies did not reveal unencapsulated nerve endings in the appendages (15, 16) . Recently, unencapsulated endings in the left atrial appendage have been described; they are morphologically similar to the presumed receptors of the pulmonary vein-atrial junctions (31). Whether the reflex responses are mediated solely by these endings of the large-diameter myelinated axons or whether the end-net and the complex unencapsulated endings act together (30, 31) remains to be determined.
In other studies (32), distention of the pulmonary vein-left atrial junctions caused a slowing of the heart if the initial heart rate was above 140-150 beats/min and caused acceleration if it was less; the responses were abolished by vagotomy. Tachycardia was always well maintained during sustained distention, but when bradycardia occurred it was transient and the rate usually recovered toward control values. If the initial heart rate were kept at values well in excess of 150 beats/min by maintaining a low carotid sinus pressure, the decrease in heart rate was proportional to the degree of balloon inflation.
These studies differed from those that demonstrated only a reflex tachycardia: both aortic nerves were cut, and the carotid sinuses were vascularly isolated to eliminate any influence from the aortic and carotid baroreceptors. The maximal changes in heart rate were measured instead of the changes 1-3 minutes after the balloons were inflated. The balloons were larger and might have stimulated an additional population of receptors. For example, Sleight and Widdicombe (33) described receptors localized to small areas in the walls of the large pulmonary veins at the hilum of the lungs whose afferent fibers had a conduction velocity less than 5.5 m/sec. In a study of the effects of changes in left atrial pressure on vagal afferent discharges from the left atrial receptors and on the postganglionic activity from the inferior sympathetic cardiac nerve, Hakumaki (34) found that in the cat an increase in left atrial pressure resulted in an increase in type-B impulses and a diminution in sympathetic activity. He also reported a positive inverse correlation between the ratio of type-B atrial impulses to type-A atrial impulses and the number of sympathetic impulses. He concluded that the type-A impulses stimulate the sympathetic activity of the heart and that the type-B impulses exert an inhibitory action.
Circulation Research, Vol. XXXIII, August 1973 However, the changes in afferent and sympathetic activities were not studied simultaneously, and an influence from the ventricular and arterial baroreceptors has not been convincingly eliminated in this study. Also, it is unlikely that the findings of Hakumaki (34) would apply to the dog, in which there are few type-A receptors.
Regardless of the direction of the heart rate changes, Edis et al. (32) found that distention of balloons at the pulmonary vein-atrial junctions caused a sustained reflex systemic hypotension with little change in cardiac output. Carswell et al. (35) found that the distention caused a small but statistically significant reflex decrease in vascular resistance in the hind limb, which was sustained and preceded, in about half of the experiments, by a larger transient decrease. The transient decrease was dependent on afferent vagal impulses and was effected by release of sympathetic vasoconstriction. Karim et al. (36) demonstrated that the distention increased cardiac, decreased renal, and did not change lumbar and splenic sympathetic nerve activities. These findings might at least partly account for the increase in urine output caused by stimulation of the left atrial receptors (37) and the decrease in concentration of antidiuretic hormone in the circulating blood (38) . Both arterial baroreceptors and atrial stretch receptors probably participate in the regulation of blood volume by virtue of their control of the release of antidiuretic hormone. Although one of the mechanisms may predominate in the intact animal, either system can function in the absence of the other (39, 40) .
Ventricular receptors appear to be of at least two types: the ventricular pressure receptors with myelinated fibers fire a burst of impulses during isometric contraction of the ventricles (22), and the epicardial receptors with unmyelinated fibers are characterized by irregular and usually sparse discharges (33). Little is known about the physiological function of the ventricular receptors. Those subserved by unmyelinated fibers (Cfibers) can be excited mechanically and by veratrum alkaloids, nicotine, and digitalis alkaloids (33, 41); the reflex bradycardia and hypotension caused by the injection of veratrum alkaloids (Bezold-Jarisch effect) appears to be due at least in part to the chemical stimulation of these nerve endings. A rapid decrease in ventricular volume might also activate these receptors by a distortion effect, causing a reflex bradycardia; this situation is a possible cause of vasovagal reactions (42) . Coronary occlusion activates ventricular receptors subserved by unmyelinated vagal afferent fibers, probably as a result of progressive distention of the ventricular wall (43) . The latter could be the underlying mechanism for the reflex vasodilatation associated with transient myocardial ischemia (44) . The reflex changes elicited from cardiac mechanoreceptors are not solely localized to the cardiovascular system; relaxation of the stomach can be induced in cats by receptors that are probably located in the left ventricle and have unmyelinated afferents in the vagi (45) .
Mechanoreceptors situated in or near the coronary arteries have been identified by Brown (46) . Two sets of receptors that can be excited by pressure changes restricted to the coronary bed have been described: one group is connected to vagal fibers and has a rhythm phasic with the coronary pressure pulse, and the other group is nonphasic and has afferent fibers in the cardiac sympathetic nerves (47) . Paintal (14) has suggested that the former are ventricular pressure receptors located in juxtaposition to the coronary arteries. Increased coronary pressure, which excites these vagal coronary mechanoreceptors, initiates a depressor reflex similar to that elicited by stimulation of the carotid sinus baroreeeptors. There is a decrease in efferent sympathetic discharge in the inferior cardiac and renal sympathetic nerves and an accompanying bradycardia that is blocked by atropine (48) . In addition, an increase in pressure in the coronary vessels can excite afferent fibers in the cardiac sympathetic nerves through receptors in or near the coronary arteries. In spinal vagotomized cats, such an increase in coronary artery pressure evokes a reflex increase in sympathetic efferent discharges. Thus, excitatory sympathetic reflexes restricted at least in part to the spinal cord are mediated by afferent fibers originating from cardiac receptors and running in the cardiac sympathetic nerves; electrical stimulation of these afferent fibers causes an increase in arterial blood pressure (49) .
REFLEXES ACTIVE IN NORMAL SITUATIONS
To determine if the reflexes which can be elicited by stimulating the cardiac mechanoreceptors normally exert a tonic influence on the vasomotor centers, various approaches have been used, each with its advantages and disadvantages. One approach is to study the effect of cooling or cutting the vagi when both aortic and carotid sinus receptors are denervated. This procedure can be done most conveniently in the rabbit and the cat, since the aortic nerves can easily be identified.
Interruption of the vagi above the level of entrance of the cardiac and pulmonary fibers causes an increase in blood pressure, indicating that a tonic inhibitory influence is exerted through afferent fibers from the heart and lungs (50, 51) . Oberg and White (52) have shown that, in the cat, elimination of the afferent activity of the vagi causes an increase in heart rate and blood pressure and a vasoconstriction in skeletal muscle, intestine, and kidney. This tonic restraint of the vagi on the vasomotor centers was shown to be mediated by afferent fibers originating from the heart and to be preferentially engaged in the control of renal resistance vessels; the resistance vessels of the skeletal muscles were more strongly influenced by the carotid sinus baroreflex.
Another approach to the study of the circulatory control exerted by vagal afferents is to examine the effect of changes in blood volume. Gupta et al. (53) compared the activity of aortic and atrial type-B baroreeeptors during moderate blood volume changes in the anesthetized dog. With a moderate nonhypotensive hemorrhage, the "drive" from the aortic baroreeeptors remained essentially constant and the activity of the atrial receptors decreased markedly, amounting to an 80% decrease with a 20% blood volume loss. With a 20% increase in blood volume, the atrial receptor firing rate increased fourfold with no change in overall aortic activity per second. In the unanesthetized rabbit with sinoaortic deafferentation, hemorrhage still produced vasoconstriction in the kidney when the vagi were intact (54) . In anesthetized rabbits after denervation of the high-pressure receptors, Clement et al. (55) found a 33% increase in mean renal sympathetic nerve activity with a 10% decrease in blood volume and a 41% decrease with a 10% increase in blood volume. The responses were unaffected by section of the vagi at the diaphragm, but cutting the vagal fibers in the neck increased the renal nerve activity by 21% and abolished the responses to the blood volume changes.
In dogs with both aortic nerves cut and with the carotid baroreceptor and chemoreceptor activity held constant, hemorrhage of 10% of the blood volume caused an increase in heart rate and a constriction of the resistance vessels in the renal and mesenteric beds with a splenic contraction and a transient constriction of the hind-limb resistance vessels (56) . Vagotomy abolished these responses to hemorrhage, so that there was a greater decrease in blood pressure. With only the carotid baroreflex Circulation Research, Vol. XXXlll, August 1973 operative, the constriction of the renal and mesenteric resistance vessels and the splenic contraction were similar to those observed with only the vagal afferents operative, but the vasoconstriction in the hind limb was much greater and the aortic pressure was better maintained. No significant response was found in the cutaneous veins. This study led to the conclusion that receptors in the cardiopulmonary area, subserved by vagal afferents, are tonically active and exert their main influence on the splanchnic resistance and capacitance vessels and on the renal circulation, but the resistance vessels in the extremities are dominantly controlled by the carotid baroreflex.
Similar findings were reported by Oberg and White (57) from a study of the role of vagal cardiac nerves in the circulatory adjustments to hemorrhage in the cat. Although some of the afferent fibers originating from the aortic arch receptors could have been left intact within the vagi, it does not appear that these results can be explained on the basis of remaining baroreceptive function at the aortic arch. On the one hand, in acute experiments no reflex response can be elicited from the aortic receptors after bilateral aortic nerve section (58) ; on the other hand, only minimal activity is present in the aortic nerve at normal blood pressure (6) . Hence, it would be difficult to explain the differential pattern of reflex responses observed in these experiments by an effect of aortic receptors. Thus, the above data indicate that receptors situated in the cardiopulmonary area are involved in the reflex adjustments to changes in blood volume and that, since their activity can be increased or decreased from control level, they fulfill the requirements of a buffer system. However, it is not possible to ascribe the reflex responses to a specific group of receptors; they could represent a net effect resulting from activation and inhibition of the various receptor populations in the heart.
In a study (59) of the effects of changes in ventricular rate on peripheral distribution of blood flow in the conscious dog, it was found that, with the decrease in cardiac output as a consequence of sudden bradycardia, the acute compensatory effects appeared mainly in the circulation to the extremities and to a lesser extent in the mesenteric circulation and that renal blood flow was preferentially maintained. Although no attempt was made in this study to elucidate the mechanism responsible for the nonuniform changes in the various vascular beds, it was speculated that they may be the result of a central competition between the decreased activity from the arterial baroreflexes and the increased activity from the cardiac mechanoreceptors. In light of the experiments previously mentioned, this explanation appears tenable.
COMMENT
Certain generalities can now be summarized about the receptors in the cardiopulmonary area (Table 1) . They are linked to the nervous system by myelinated and unmyelinated vagal fibers and by afferent cardiac sympathetic fibers. The populations of receptors linked to the rapidly conducting myelinated vagal afferents are limited largely to the bronchi, the atriovenous junctions, and the ventricles at the origin of the great vessels. Whether the coronary arterial mechanoreceptors lie in or adjacent to the coronary arteries has not been determined. These mechanoreceptors are active under normal conditions and are characterized by a TABU 1 *Or an increase in vagal activity to the heart with no effect on sympathetic activity. |Or an increase in sympathetic activity to the heart with no effect on vagal activity. rhythmic discharge signaling changes in pressure or volume. Complex unencapsulated endings have been described in the atria, but no histological studies of the other endings are available. Mechanical distortion of these endings causes a decrease in the activity of the sympathetic adrenergic fibers to the peripheral resistance and capacitance vessels. If the inhibition is sufficient, a decrease in systemic arterial blood pressure will result. The decrease in sympathetic activity is nonuniform and that to the cutaneous veins is unchanged. There is evidence suggesting that a preferential decrease to the renal vessels may occur.
Summary of Cardiopulmonary Mechanoreceplors
There is strong evidence that atrial receptors influence release of antidiuretic hormone. This evidence combined with the atrial receptor control of renal resistance and splanchnic capacitance vessels adds to their participation in the regulation of blood volume. Of the two types of atrial receptors, A and B, which have been identified from the pattern of their discharge, the latter respond to volume changes and the former possibly to changes in tension. However, additional studies are needed to clarify (1) whether type-A receptors can behave like type-B receptors, (2) the relationship of the response to the position of the receptors, and (3) species differences in types of receptors. It is likely that the atrial receptors are the main group of cardiac receptors active with each heart beat and that they act as if atrial filling were their primary stimulus (17, 60) .
The activity of the pulmonary stretch receptors increases in phase with each inspiration. The marked vasoconstriction noted in the kidney during hypercapnia in the absence of the carotid sinus, aortic, and vagal nerve afferents is greatly decreased when the vagal reflexes from the lungs are intact; this lung inflation reflex permits renal blood flow to be selectively maintained during hypercapnia, thus indicating a role for these receptors in acid-base balance (61) .
The interplay of sympathetic and vagal cardiac efferent nerves in causing the changes in heart rate with mechanical stimulation of the receptors subserved by myelinated vagal afferents is still the subject of discussion. It is apparent, however, that increased activity in the sympathetic fibers to the heart can accompany decreased activity to the peripheral blood vessels. In contrast, stimulation of the carotid and aortic baroreceptors causes decreased activity to both heart and blood vessels. In this regard, the pulmonary artery baroreceptors seem to function like those of the carotid sinus.
Much less is known about the role of the widespread network of fibers in the heart, great vessels, and lungs, which are subserved by unmyelinated vagal afferents. Normally they have only a sparse, intermittent discharge. Experimentally, they can be excited by substances such as veratridine, phenyl diguanide, or capsaicin with a resultant bradycardia and decrease in systemic arterial blood pressure. Excessive mechanical distortion gives the same result; it remains to be determined whether these endings are limited to a nociceptive role or whether their threshold may be lowered by drugs or disease (17) .
The juxtapulmonary capillary receptors (J-receptors) function as interstitial stretch receptors. If pulmonary capillary pressure is increased sufficiently to cause pulmonary congestion, these receptors may be activated to cause bradycardia, hypotension, and dyspnea. If the abnormal increase in pulmonary capillary pressure is caused by exercise, a reflex inhibition of the skeletal muscles may also occur (60) .
Attention has recently been directed to the possibility that information concerning cardiac events may also be relayed to the central nervous system via afferent fibers in the sympathetic nerves. The presence of such afferents in the cardiac sympathetic nerves was reported in 1903, and some of these afferents carry impulses signaling cardiac pain (62) . Excitation of afferent cardiac sympathetic fibers by chemicals or electrical stimulation can excite the sympathetic and inhibit the vagal outflow to the heart, causing an increase in heart rate and myocardial contractility. These responses are accompanied by increased activity of the sympathetic adrenergic fibers to the peripheral blood vessels (27).
Obviously, much remains to be determined about these receptors, not only about their function when the input from the other vasosensory zones is controlled but also about the complex interactions resulting from the simultaneous engagement of the many afferent pathways from the low-and highpressure regions of the cardiovascular system. In man there is evidence that the low-pressure mechanoreceptors can contribute importantly to the reflex regulation of the circulation (63) . Further studies will define how the function of these receptors are modified, for example, in hypertension, heart failure, myocardial ischemia, and fainting. 
